M A T E R I A L S A N D M E T H O D S
The nucleated erythrocytes of the newt, Triturus viridescens, provide a convenient and readily available source of microtubules. The microtubules occur in a bundle just beneath the cell surface. A simple spreading technique is used, which was originally developed for the study of nuclear fibers from the same cells. A small drop of blood is obtained by clipping the tail of the newt. This is applied to a water surface which has been swept clean with a glass rod. In the protein film formed on the water surface one finds disrupted nuclei as well as torn membranes or "ghosts," to which the microtubules remain attached. In order to increase the number of nuclei and membranes found on a single electron microscope grid, it is usually advisable to compress the film to about one-fourth or one-fifth of its initial area. This can be done by sweeping the water surface with a glass or plastic rod. The material is picked up by touching it with a coated electron microscope grid. Equally good results have been obtained with col-FIGURE 1 A group of negatively stained microtubules from the marginal band of a newt erythrocyte. Individual mlcrotubules tend to follow very straight paths. The phosphotungstate stain penetrates and accentuates the lumen of the tubules. The irregular white patches are assumed to be membrane fragments. )< 39,000.
FIGURE 2 A comparison between mierotubules and chromosome fibers from the same cell. Unlike the microtubules, which appear to be rigid rods, the chromosome fibers are flexible and follow convoluted paths. The chromosome fibers also tend to "attract" more stain. X 77,000.
lodion-or Formvar-coated grids, with or without additional carbon strengthening. The grid is transferred without drying to the surface of a 1% aqueous uranyl acetate solution. Adequate fixation is obtained after one or two minutes. The grid is then rimmed in distilled water, and, before it dries, it is touched to the surface of a 1% sodium phosphotungstate solution at pH 6.6. Excess solution is removed by touching the edge of the grid to filter paper, after which the preparation is allowed to dry (Brenner and Horne, 1959) . The brief treatment with uranyl acetate is essential for good preservation of the microtubules. The uranyl acetate provides very little positive staining, although it may also be used as the negative stain. However, consistently finer details have been seen with phosphotungstate.
R E S U L T S A N D D I S C U S S I O N
Survey views of the torn cell membranes show the microtubules as a dense band (Fig. 1) , which follows a more or less oval course along what was originally the equator of the cell. The existence of a differentiated marginal band in certain nucleated erythrocytes has been recognized since the early study of Meres (1911) . A detailed electron microscope study of sectioned material by Fawcett and Witebsky (1964) demonstrated a bundle of microtubules in this region of the cell. Maser and Philpott (1964) made similar observations on sections and also examined whole mounts of erythrocytes in which they demonstrated the microtubules by metal shadowing. Wolfe (1965) spread newt erythrocytes on water, as in the present study. He used metal shadowing a n d the critical point drying method of Anderson (1951) , but he did not examine the material by negative staining.
As shown in Fig. 1 , the microtubules generally follow straight or gently curving paths; major changes in direction are nearly always associated with breaks or cracks in the tubules. Frequently a whole group of microtubules will show an a b r u p t change in direction, with breaks at the same position in each element. Furthermore, the diameters of the microtubules are remarkably uniform, even near cracks and breaks. These observations suggest that microtubules are brittle in the sense that they cannot be elastically deformed. They stand in striking contrast to the chromosomal fibers found in the same preparations. The latter, as shown in Fig. 2 , have nearly the same diameter as the mlcrotubules, yet follow tortuous paths and are often pulled out into thinner strands. W h e t h e r the breaks in the microtubules occur before or after fixation is not known; the fixative undoubtedly alters their properties since unfixed tubules are only poorly preserved.
Negative staining displays the tubular nature of this material in a clear fashion (Fig. 3) . Apparently, the phosphotungstate has ready access to the interior of the microtubule, where it forms a more electron-opaque core. The over-all diameter of the microtubules is about 270 A. The diameter of the core is somewhat more difficult to determine because of its indefinite boundaries; it appears to be about 170 A. The wall thickness, therefore, is about 50 A.
At still higher magnification (Figs. 4, 5) , one sees that the microtubule wall is composed of longitudinal subunits. The subunits consist of rather indefinitely beaded fibrils which run nearly parallel to the long axis of the microtubule. The center-to-center spacing of the subunits is about 50 A. Usually, six or seven subunits are seen within the diameter of a single microtubule. If only one surface of the microtubule is strongly contrasted by the phosphotungstate, such an appearance would be given by a tubule whose wall contained between twelve and fourteen subunits. This conclusion agrees with the earlier report of Ledbetter and Porter (1964) , who studied microtubules in sectioned plant cells. From an analysis of rotation micrographs prepared by the technique of Markham, Frey, and Hills (1963) , Ledbetter and Porter concluded that the most probable number of subunits is thirteen.
The microtubule of Fig. 5 , in which one can see the wall clearly, has a different appearance from the microtubules in Figs. 3 and 4 , in which the central lumen is accentuated. In the material so far studied, microtubules with a distinct lumen are much commoner. In general, all the microtubules of a single cell have the same appearance, but both types of images can be found on the same electron microscope grid. Presumably, the difference is to be ascribed to the specific way in which the stain dries.
The appearance of cytoplasmic microtubules FmURn 3 Two broken mierotubules showing heavy contrasting of the central lumen. Note that cracks appear in both tubules at roughly the same points. The straight paths followed by the fragments and the absence of thinning near the cracks suggest that the microtubules are relatively rigid rods. )< 54,000.
FIGURES 4 and 5 Two microtubules to show variation in the type of contrast produced by negative staining. In Fig. 4 the lumen is accentuated and details of the walls are obscured. In Fig. 5 the lumen is not visible, but the longitudinal wall elements are displayed clearly. The subunits in the wall have a center-to-center spacing of about 50 A. X 300,000 after negative staining is similar to that of the ciliary and flageUar fibers described by Andr6 and Thi6ry (1963) and Pease (1963) . In both cases one finds tubular structures whose walls consist of longitudinal elements spaced about 50 A apart. The ciliary and flagellar fibers are more complex, since they contain more subunits and appear like a figure eight in section. It seems probable that the ciliary doublets are composed of two "standard" microtubules which share three or four subunits along their line of fusion (Ringo, 1966) .
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